Photoluminescence ͑PL͒ spectra of porous Si ͑PS͒ coated with Ge films were examined using the 514.5 nm line of Ar ϩ laser. A new orange-green PL band, centered at 2.25 eV, was observed with full-width at half-maximum of ϳ0.1 eV, in addition to the reported PL bands at 3.1, 2.0, and 1.72 eV. With increasing the thickness of Ge layer coated, the new PL band remains unchanged in peak energy but drops abruptly in intensity. Spectral analysis and some experimental results from Raman scattering and x-ray diffraction indicate that Ge-related defects at the interfaces between PS and the Ge nanocrystals embedded in the pores are responsible for the orange-green PL band.
Recently, many techniques [1] [2] [3] [4] [5] have been employed to fabricate luminescent Ge nanocrystals embedded in the oxide matrices, because this kind of nanostructured materials has robust structures in various thermal and chemical environments and can thus be expected to have favorable applications in optoelectronics. So far, the photoluminescence ͑PL͒ spectra from this kind of materials mainly showed a broad peak in the 2.1-2.4 eV energy range with full-width at halfmaximum ͑FWHM͒ of Ͼ0.3 eV. Since no clear size dependence of the PL peak energy was observed, the origin of the broad PL band is still unclear. In the literature, 6 we examined the PL spectra of Ge/porous Si ͑Ge/PS͒ structures prepared by pulsed laser deposition ͑PLD͒ of Ge on PS. Three PL bands were observed at 3.1, 2.0, and 1.72 eV, under an excitation of the 250 nm line of Xe lamp. The intensity of the 2.0 eV band was found to be far larger than that of the host PS PL. Spectral analysis suggested that the 2.0 eV band arises from the joint function of Ge and PS in the transition layer of Ge/PS structure.
In this work, we examined the PL property of the Ge/PS structures using the 514.5 nm line of Ar ϩ laser as excitation source. A new orange-green PL band, centered at 2.25 eV, was observed with a maximal intensity comparable to that of the host PS. Spectral analysis indicates that it mainly arises from Ge-related defects in the interface between the host PS and Ge nanocrystals embedded in the pores.
The starting PS was fabricated by traditionally electrochemical etching of p-type Si ͑͗100͘-oriented, 1-3 ⍀ cm͒ wafer in an electrolyte of HF:C 2 H 5 OHϭ1:1 with a current density of 20 mA/cm 2 for 12 min. The thickness and porosity of the porous layer were evaluated to be 8 m and 75%, respectively. Under an excitation of the 488 nm line of Ar ϩ laser, the PS shows a PL peak at 1.72 eV ͑720 nm͒. Its Raman spectrum displays an asymmetric broad peak at 515 cm Ϫ1 and thus the mean Si crystallite size of the PS can be determined to be 3.4 nm. Ge film was deposited on the PS by PLD using a pulsed KrF excimer laser which emitted 248 nm light of 200 mJ energy per pulse with 30 ns width in 5 Hz repetition rate. 7 During Ge deposition, the PS samples were put on a vacuum chamber ͑Ͻ5 Pa͒ and kept at about 300°C. A sample series with deposition times of 4, 8, and 12 min were fabricated and the corresponding Ge layer thickness were estimated to be 20, 40, and 60 nm, respectively.
A Raman spectrometer ͑Spex 1403 RAMALOG system͒ was used for measurements of PL and Raman spectra with excitations of the 514.5 and 488 nm lines of Ar ϩ laser. To avoid changes caused by laser irradiation, a low laser power of 25 mW focused at an area of about ϫ0.8 2 mm 2 was selected to illuminate the samples. X-ray diffraction ͑XRD͒ measurements were performed on a Rigaku 3015 type single crystal diffractometer using Cu K␣ irradiation with wavelength of 0.154 nm. All spectra were taken at room temperature.
Figures 1͑a͒-1͑c͒ show the orange-green PL spectra of three Ge/PS structures with Ge deposition times of 4, 8, and 12 min, respectively. These figures have the following features: ͑1͒ The maximal PL intensity, comparable to that of the host PS, appears in the sample with Ge deposition time of 4 min. With increasing the thickness of Ge layer coated, the PL intensity drops abruptly and almost vanishes in the sample with Ge deposition time of 12 min. This result implies that the PL band comes from the transition region between the Ge layer and PS. 6 Since there are a large number of nanosized pores in PS, initial Ge deposition will form many Ge nanocrystals to be embedded in the pores. With increasing Ge deposition time, a layer of Ge film embedded with many Ge nanocrystals of 7-14 nm in size is formed and covers both PS and these small embedded Ge nanocrystals. 6 Thus, this reduction of the PL intensity with increasing Ge layer thickness indicates that both the thin Ge layer and Ge nanocrystals spilled on it cannot give rise to a significant light emission, but absorb partial emitting light. ͑2͒ The PL band consists of two subbands at 2.20 and 2.28 eV. Their peak positions remains unchanged with increasing Ge layer thickness. ͑3͒ The PL band has a narrow FWHM of ϳ0.1 eV close to that of the 3.1 eV band in Ge ϩ -implanted SiO 2 , 7 suggesting that it may not simply arise from the quantum confinement on Ge nanocrystals. The interface defects may be one of the candidates for the orange-green PL.
To identify the PL origin, we examined the Raman spectra of three Ge/PS structures, as shown in Figs. 2͑a͒-2͑c͒. For the sample with Ge deposition time of 4 min, a broad Raman peak can be clearly observed at ϳ350 cm Ϫ1 except for the 521 cm Ϫ1 peak from c-Si substrate. The 350 cm
Ϫ1
peak vanishes in the samples with Ge deposition times of 8 and 12 min. In the spectrum ͑c͒, some noisy Raman peaks can be resolved at 300, 410, 440, and 517 cm
. The 300 cm Ϫ1 peak is the signature for existence of Ge nanocrystals with diamond structure. The 517 cm Ϫ1 peak is related to the Si nanocrystals in the PS layer. According to the phonon confinement model, their mean size can be roughly estimated to be 4.8 nm, which is larger than that in the starting PS. This result indicates that Ge coating oxidizes the surfaces of Si nanocrystals. The weak 410 cm Ϫ1 peak represents the occurrence of Ge-Si bonds. 8, 9 The 440 cm Ϫ1 peak is connected with the Si-Si bonds, being the fingerprints for compositional disorder and localization in the surfaces of Si nanocrystals. 10, 11 After random deposition of Ge ions on the surface of PS, Si-Si optical phonons are localized in the Ge neighborhoods. Many Si-O bonds in the surface of PS are destroyed and some Ge, Si, and O ions are produced. 8 With increasing Ge deposition time, Ge-O, Ge-Ge, and Ge-Si bonds can be formed. Thus, the interface between PS and the Ge film has a complicated chemical structure. In the spectrum ͑b͒, no similar Raman peaks were detected, indicating that the densities of Ge-Ge, Ge-Si bonds are low so that Raman scattering cannot detect their existence. Since the PL intensity in the spectrum ͑c͒ is lower than that resulting from simple Ge layer absorption, the reduction of the PL intensity cannot be simply attributed to increased absorption due to thicker Ge film.
In Fig. 2͑a͒ , the origin of the 350 cm Ϫ1 is interesting. The peak cannot come from the substrate scattering. 11 It cannot also be observed in SiO 2 films embedded with diamond Ge or Si nanocrystals. Whether is it related to some kind of new structure of Ge nanocrystals? 1, 2 To identify this point, the XRD spectra of three Ge/PS structures were examined and presented in Figs. 3͑a͒-3͑c͒ . For the sample with Ge deposition time of 4 min, the spectrum displays some strong diffraction peaks from the reflections of the Si substrate. No features from Ge film are observed. However, if we enlarge the spectrum in the 2ϭ25°-35°range, a broad peak can be observed at ϳ31°͑see the insert of Fig. 3͑a͒ , where the ͑200͒ peak from Si substrate has been removed͒. The peak has an interplanar spacing of 0.287 nm, close to 0.292 nm spacing consisting of the ͑112͒ plane of tetragonal Ge. 2, 12, 13 Thus, the 350 cm Ϫ1 Raman peak may come from scattering of Ge nanocrystals with tetragonal structure. According to the FWHM of the broad diffraction peak, we can roughly estimate the mean size of Ge nanocrystals to be 4.2 nm.
14 This result indicates that there exist many tetragonal Ge nanocrystals with sizes smaller than 4.2 nm in the sample with Ge deposition time of 4 min. This kind of Ge nanocrystals disappears in the samples with Ge deposition times of 8 and 12 min. Previously, these small tetragonal Ge nanocrystals were proposed to be responsible for the PL band.
1,2 However, it can be known from Figs. 1͑b͒ and 3͑b͒ that the PL band is not connected with the existence of these Ge nanocrystals. Similarly, we can infer that the orange-green PL band is not the result of band-to-band recombination in the quantum confined Ge or Si nanocrystals, because no size dependence of the peak energy was observed.
Since the interface between PS and the Ge nanocrystals has complicated chemical structure, the origin of the PL band may closely be related to some interfacial defects. From Fig. 2͑c͒ , we can know that the increase of Ge-Si bond density follows a large decrease of the PL intensity. Therefore, the PL band has nothing to do with the existence of Si-Ge bonds. The interfacial defects should be Ge or Si related. In the SiO 2 matrix, the 2.25 eV PL band with a FWHM of Ͼ0.3 eV was observed to have low intensity and attributed to some Si-related defects with unstable structure and low density. 15 However, in our experimental result the orange-green PL band has large intensity and narrow line shape. Further, the Fourier transform infrared ͑FTIR͒ spectra taken from the two samples with Ge deposition times of 4 and 8 min show same vibrational intensities of the active modes related to Si-O-Si bonds. 16 Thus, we believe that the Si-related defects have less contribution to the PL.
In Ge-doped silica, a diamagnetic Ge-related oxygen vacancy center ͓the Ge oxygen deficiency center ͑GODC͔͒, which was described as being a Ge atom with a nearestneighbor Si atom, was frequently reported to be responsible for the 242 nm absorption band and the 290 and 400 nm PL bands. 17 Under visible and ionizing radiation, the GODC can be bleached to form new paramagnetic defects, especially the Ge EЈ center, a threefold-coordinated Ge atom with a singly occupied dangling sp 3 orbit. 18 We can believe the orangegreen PL band to be associated with the Ge EЈ centers based on the following facts: ͑1͒ The orange-green PL band cannot be excited under a weak light source, for example, a monochromatized Xe lamp. 6 This result is consistent with a feature of the Ge EЈ centers.
1 ͑2͒ The orange-green PL band is closely related to the substrate temperature during Ge deposition. If Ge deposition is carried out at room temperature, the PL band cannot almost be observed. This result agrees with the fact that originally Ge EЈ centers are related to hydrogen annealing to a certain extent.
1,19 ͑3͒ In Fig. 1 , the Si-O-Si stretching vibration mode at 1076 cm
, which is a signature for the Ge EЈ centers, 1, 19 hides in the 2.28 eV PL band. To verify its existence, we use the 488 nm line as excitation beam to examine the Raman spectra of our samples. A Raman peak can clearly be observed at 1076 cm Ϫ1 in the obtained experimental results. This fact indicates that the orange-green PL band is connected with the Ge EЈ centers.
In conclusion, we have examined the PL property of Ge/PS structures using the 514.5 nm line of Ar ϩ laser. A new orange-green PL band with a narrow linewidth of ϳ0.1 eV was observed at 2.25 eV. Its intensity decreases abruptly with increasing Ge layer thickness, but the peak energy remains unchanged. Spectral analysis indicates that the new PL band mainly arises from Ge-related defects in the interface between PS and Ge nanocrystals embedded in the pores. 
